Heart rate variability (HRV) is a widely accepted noninvasive measure of balance/imbalance in the autonomic nervous system, HRV is defined as the variation in heart rate from beat to beat (RR interval) caused by changes in breathing, blood pressure, sympathoadrenal hormones, as well as mental, physical, and certain pathological conditions. In the general population, low HRV has been associated with compromised health and independently predicts all-cause mortality. [1] [2] [3] Moreover, in diabetes patients, the presence of autonomic dysfunction has been suggested as a prognostic marker of complications 4,5 and the presence of autonomic dysfunction may occur before other late complications.
using both active and passive tests of HRV, with the severity of retinopathy, nephropathy, and peripheral neuropathy.
Methods
A total of 290 type 1 individuals with diabetes were randomly recruited during normal visits to outpatient clinics at 4 Danish hospitals. The cohort is part of an ongoing study of diabetic autonomic neuropathy. 10 In brief, over a period of 12 months, patients were recruited consecutively from outpatient clinics at the following hospitals: Aalborg University Hospital, Aarhus University Hospital, Odense University Hospital, and Steno Diabetes Centre. None of the subjects demonstrated alcohol abuse (women 14 units per week and men 21 units per week), congestive heart failure (NYHA classification 3 and 4), arrhythmias preventing HRV calculations, or an existing diagnosis of CAN. The study protocols were approved by the local ethical committee according to the principles of the "Helsinki Declaration II."
Experimental Procedure
The study was performed as a multicenter cross-sectional observational study. All patients attending the 4 outpatient clinics were a priori eligible for participation and patients who met the inclusion criteria were offered an examination for CAN when appearing in the outpatient clinics. The investigation was logistically planned as an integrated part of the regular visits to the clinics, and the investigation was performed at the end of each visit. Besides testing for CAN, all tests performed in this study reflect the normal clinical procedures in the participating outpatient clinics.
Inclusion criteria included age above 18 years and type 1 diabetes duration of more than 5 years.
Exclusion criteria included alcohol abuse (women more than 14 units per week and men more than 21 units per week), congestive heart failure (NYHA classification 3 and 4), arrhythmias preventing HRV calculations, or an existing diagnosis of CAN.
Smoking, food, and caffeine-containing liquids were prohibited 2 hours prior to laboratory testing. All laboratory tests (of CAN) were performed between 9 AM and 1 PM in a quiet and isolated examination room.
11 HRV and the cardiovascular reflex tests in the 4 centers were measured by technicians using Vagus™ (Medicus Engineering, Denmark). 12, 13 Blood pressure was measured in a sitting position 2 minutes after examination of CAN. Weight and height were measured and BMI calculated as weight in kilograms divided by the square of height in meters. During the examinations, the individuals with diabetes were questioned for lifestyle habits, for example, smoking and alcohol consumption.
Laboratory Tests
The following clinical tests for CAN were performed: (1) response to standing (RT), (2) deep breathing (E:I), and (3) valsalva (VT). 7, 10 The heart-rate-based tests were evaluated according to published age-related reference intervals. 14 CAN was defined using the American Diabetes Association criteria and CAN score was defined as followed: "CAN 0": all tests are normal; "CAN 1": 1 test is abnormal indicating the presence of borderline or early stage CAN; "CAN 2-3": 2 or 3 abnormal tests indicating definite or late stage CAN. 15 Diabetic peripheral neuropathy (DPN) was examined using either biothesiometri or Semmes-Weinstein monofilament (10 g ) and test results were classified as normal or abnormal. An examination for diabetic retinopathy was performed by an ophthalmologist using a retinal digital camera. Retinopathy was classified as follows (grade 0 to 4): normal, mild nonproliferative, moderate nonproliferative, severe nonproliferative or proliferative retinopathy. Nephropathy was classified into 3 groups according to urine albumin-to-creatinine ratio (ACR): normal (ACR < 30 mg/g), microalbuminuria (30 mg/g ≤ ACR ≤ 300 mg/g), and macroalbuminuria (ACR > 300 mg/g). Glycated hemoglobin (HbA1c) was determined by the high-performance liquid chromatography (HPLC) method. Total cholesterol, triglycerides, high-density lipoprotein (HDL), and lowdensity lipoprotein (LDL) cholesterol were measured using an enzymatic method. 10 
HRV in Frequency Domain
HRV was calculated in time and frequency after 5 minutes of resting in the supine position. To measure the frequencyspecific fluctuations of heart rate during supine resting, we used an autoregressive algorithm 16 with model order 25. Three main components are commonly distinguished in a spectrum calculated from an R-R time series: very low frequency (VLF) 0-0.04 Hz, low frequency (LF) 0.04-0.15 Hz, and high frequency (HF) 0.15-0.4 Hz. Thus, VLF represents slower fluctuations caused by regulatory systems and may represent thermoregulatory sympathetic mechanisms. 17 It is recommended to avoid VLF in short-term recordings (eg, ≤ 5 minutes) 16 and therefore, VLF was not considered in this study (due to a recording time of 5 minutes). The LF component is influenced by sympathetic, parasympathetic, and baroreflex sensitivity and is characterized by a peak at approximately 0.1 Hz, which may be related to the 10-second blood pressure waves that reflect oscillations in baroreceptor and chemoreceptor reflex control systems, also known as the Mayer waves. 18 The high frequency (HF) band from 0.15 to 0.4 Hz is influenced by parasympathetic sensitivity and by the normal breathing rhythm mainly contributing to power with a center frequency around 0.3 Hz. 9 
Statistical Analysis
Patient characteristics are presented as unadjusted mean (standard deviation) or median (25th, 75th percentile). Transformation with natural logarithms was performed to adjust for skewness and obtain a normal distribution where appropriate. For statistical evaluation and calculation of P values 2-sample t tests and 1-way ANOVA was used for continuous measures, whereas Tukey's least significant difference procedure was used to compare individual differences between measure of autonomic function and severity of complication. To describe possible associations between each HRV parameter and the severity of each complication (retinopathy, nephropathy, and peripheral neuropathy and CAN), ordinal logistic regression analysis was performed.
P values of less than 0.05 were considered statistically significant. MATLAB R2011b (Version 7.13.0.564; MathWorks, Massachusetts, USA), SigmaPlot 11.0 (Systat Software, Inc, California, USA), and Stata 11 (StatCorp LP, Texas, USA) were used for statistical data processing. Table 1 shows the baseline characteristics of the group. Table 2 shows the HRV measures among type 1 diabetes patients by complication-retinopathy, nephropathy, DPNand by complication stage within each category. Table 3 shows the known association between HRV measures and CAN score. There was a significant difference between HRV measures in type 1 diabetes patients with and without complications (ANOVA P < .05).
Results
Multiple ordinal logistic regression analysis was applied to test possible associations between autonomic dysfunction and complications. After adjusting for sex, age, diabetes duration, smoking, pulse pressure, and heart rate, autonomic dysfunction remained significantly correlated with severity of retinopathy, nephropathy, and peripheral neuropathy in individuals with type 1 diabetes patients (Table 2 ). In an overall perspective, active tests were predominantly significant, whereas supine resting tests were not. In the retinopathy analysis for nephropathy, patients with no nephropathy differed in all HRV measures from patients with microalbuminuria (P < .05). However, only E:I and VT were able to distinguish between no nephropathy and microalbuminuria. Finally, all HRV measures of patients with CAN score 0 were statistically significantly (P < .05) different from CAN score 1-3.
Discussion
The main finding of this study is that autonomic dysfunction is present in all stages of microvascular complications. Furthermore, the degree of autonomic modulation is associated with the severity of retinopathy, nephropathy and the presence of peripheral neuropathy in patients with type 1 diabetes. The association remained significant after adjusting for age, diabetes duration, sex, pulse pressure, smoking, and heart rate.
Low HRV has been associated with the presence of symptomatic as well as asymptomatic autonomic dysfunction and is well described in the literature for both type 1 and type 2 diabetes patients. 19 The finding of autonomic dysfunction in an individual with diabetes is a possible early marker of progression of diabetic complications. The described imbalance in the autonomic nervous system develops early in diabetes 20 and progresses over time. Furthermore, low HRV is associated with hypertension, 21 ischemic stroke, 22 sleep apnoea, 6 and glycemic variability 23, 24 and may be important in the detection and prevention of hypoglycemia. 25, 26 Spectral analysis of passive HRV testing is used extensively for research purposes and generally believed to supply information about both sympathetic and parasympathetic modulation earlier than other tests. 9 However, we found that standardized active tests are more reliable to detect autonomic dysfunction related to these complications than are passive HRV tests. The results in Table 2 demonstrate that when adjusting for age, diabetes duration, sex, pulse pressure, smoking, and heart rate only E:I and VT remained associated with the severity of nephropathy, retinopathy, and DPN. Passive testing of HRV was performed in a supine position without controlling breathing rhythm which may be a limitation of this study. Normal spontaneous breathing mainly contributes to energy in the HF band (0.15-0.4 Hz) with a center frequency around 0.3 Hz-and the low frequency band remains unaffected by spontaneous breathing. It has been shown the controlled breathing enables easier separation of the LF and HF bands. 6, 27 However, controlled metronome breathing will also increase the HF band and thereby it may shift the sympathovagal balance toward vagal predominance. 28 It should be noted that the sample sizes are relatively small in the patient groups with late stage complications. This may account for the finding that some HRV parameters are not significantly different from normal to severe stages of complication severity. Testing for the presence of autonomic dysfunction has been suggested as a prognostic marker of microangiopathic complications 4, 5 and measurable changes in heart rate may occur before other complications. 5 Our data support these findings, but larger studies are needed to establish new age-related HRV cutoff values that are not limited to the CAN diagnosis.
In conclusion, this study shows that autonomic dysfunction in individuals with type 1 diabetes is associated with the severity of retinopathy, nephropathy, and peripheral neuropathy. This may indicate that performing proactive tests for Continuous measures are shown as mean (SD). Parametric ANOVA and Tukey's least significant difference procedures were used to compare individual differences between groups. Multiple ordinal logistic regression analysis P(multivariate) with complication severity as a dependent variable was used to adjust for diabetes duration, age, HbA1c, heart rate, and pulse pressure. Retinopathy was classified as follows: normal = 0, mild = 1, moderate = 2, severe = 3, proliferative = 4. Nephropathy was classified into 3 groups according to urine albumin-to-creatinine ratio (ACR): normal (ACR < 30 mg/g), micro = 1 (30 mg/g ≤ ACR ≤ 300 mg/g), and macro = 2 (ACR > 300 mg/g). The following HRV parameters were used: valsalva (VT), response to standing (RT), deep breathing (E:I), low frequency power (LF), high frequency power (HF), total power (TP).
a Natural log transformed for analysis. Continuous measures are shown as mean (SD). Parametric ANOVA and Tukey's least significant difference procedures were used to compare individual differences between groups. Multiple ordinal logistic regression analysis P(multivariate) with complication severity as a dependent variable was used to adjust for diabetes duration, age, HbA1c, heart rate, and pulse pressure. autonomic dysfunction may be a future risk marker of diabetes complications.
